INTRODUCTION
During RUN I1 with 36 bunches in each beam, the bunchto-bunch tune spread will be about 6u M 0.007, while the single bunch tune spread will be about Au x 0.018 (see Fig.1 ). The main problem occurs with the first and the last bunches in the 3 identical trains of 12 bunches each. Tunes of bunches #1 and #12 are shifted down and left, respectively, compared to all other bunches, that results in their lifetime deterioration (so-called PACMAN effect). An electron lens, consisting of low energy, high current electron beam colliding with antiprotons, can induce a tuneshift of the antiproton bunches. The electron beam current is modulated, so each antiproton bunch collides with the different electron beam density. With appropriate choice of parameters two such lenses could provide effective compensation of the bunch-to-bunch tunespread.
NUMERICAL SIMULATIONS

I Simulation Goals
The main goal of our simulations is to demonstrate the possibility of using TEL for eliminating the bunch-to-bunch tune spread. We studied how the TEL affects the nonlinear beam dynamics and what general conditions (e-beam radius and profile, misalignment, stability, etc.) must be satisfied in order to keep p-beam stable. We assume here that these conditions should be more or less general, that is do not depend very much on the working point (if it is chosen properly, of course).
We started with a small betauon tune scan around some working point. The tune variations were about the bunchto-bunch spread, and the goal was to find some "good" and "bad" working points within this area. Then, we applied the TEL in the "bad" working point in order to shift it to the "good" one and to see the positive effect. After that we varied different TEL parameters and applied some perturbations to see how they affect the resulting p distribution.
Comparison with the natural "good" working point give us important information how the TEL itself introduces perturbations (linear and non-linear) to the pbeam.
2.2
As the analytical study [3] shows, the standard Tevatron working point (20.586, 20.576) is not a good one due to the proximity of 5th and 12th order resonances (see Fig. I ), and we decided to look at the vicinity of the point (20.566, 20.556) surrounded by resonances of higher order (7th). Then, we tried to find such a pair of the "bad" and "good" points that the "bad" one could be shifted to the "good" with only one TEL of two, to simplify the further studies. We found, after a small tune scan, the pair of (20.566, 20.556) and (20.556, 20.546) points, which requires only TEL2 located at FO (as planned initially), where the beta-functions are approximately equal. Now the other location is chosen for TEL2, with Px << PY, while PX >> Py at TEL1. Besides the better operation conditions for the tune shifts, using two TELs with unequal beta-functions strongly reduces excitation of coupling resonances by TELs themselves [3] , so the present results can be regarded as a conservative estimate of the effect.
Choice of the Working Point
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Step It should be noticed that some parameters, such as amplitudes of the noise, were intentionally chosen large in order to obtain visible effects ofp-bunch degradation during limited simulation time (1 minute of the Tevatron real time).
However, we believe that proper scaling of the obtained emittance growth rates and particle loss rates can give more or less realistic estimates of the most important effects relevant to the interaction between the TEL and p, pbeams.
"bad" "good"
"bad" + TEL were tracked. The data gathered are averaged over all the particles, all the turns, that is 9 . 10' particle-turns for each step. The last column presents the effect of TEL, which is applied in the "bad" working point and shifts it toward the "good" one. We chose here very big radius of the electron beam (3 mm M 6 0~) just to see the positive effect. The allowable e-beam sizes, as well as other parameters, will be discussed in the next sections.
Electron Beam Size and Projile
Since the TEL length L << p, transformation through the electron beam can be presented as a single transverse kick depending on the p-particle coordinates. The kick consists of two parts: electric and magnetic ones. The first one depends on the e-beam distribution density, while the second depends also on the distribution velocity which is not constant due to space charge effects. For tracking purposes, it is convenient to define some function p(r) so that the radial kick is equal to:
r Note that p(r) is not a pure distributiondensity, since it contains also the contribution of the magnetic force. A linear lens corresponds to p(r) = const for T 5 R,. The e-beam radius R, must be large enough that all the particles in pbeam feel the same tune shift, but it is limited by the achievable e-beam current which is proportional to RZ. The real electron beam profile is more complicated and "smoothed", it can also be controlled by a special electrode near the cathode [4].
We tried different e-beam profiles and first of all varied the e-beam radius to find the minimum acceptable value. Fig.3 shows the relative luminosity drop after 3 lo6 turns w.r.t. initial luminosity versus total electron current for different distributions. One can see that smoother the distribution, the less luminosity drop we observe (i.e., the Gaussian one is the best of three), but in general the total peak electron current required to keep the luminosity is approximately the same for all three distribution functions -about 7A (that corresponds to R, M 30~) to shift the tune by -0.01. As for p-beam tails and lifetime, they can be somehow controlled by small modifications of the distribution function p (~) .
The simulations showed that the effect is very sensitive to the e-beam profile (and, obviously, to the working point) and further optimization should be performed. It is important to note that the nonlinear compensation (see [2]), with the proper choice of the working point, may give better results with even smaller e-beam radius! The obtained value of 7A corresponds to the case of linear compensation without nonlinear optimization and can be considered as an upper limit required to keep the p-beam stable.
Straightness of the Electron Beam
The electron beam trajectory in the TEL follows strong solenoidal magnetic field lines, and any magnetic error re-sults in e-beam trajectory distortions. Since the effect of the TEL can be reduced to a single transverse kick, any changes in e-beam trajectory are equivalent to some modifications of the distribution function. In our simulations we tried a ':curved" e-beam with the following horizontal offset between electron and antiproton beams:
where z is longitudinal coordinate in the range of 0 to L (solenoid length), do = 0.5 mm. Measured magnetic field quality is found to be even better [ 5 ] . Numerical simulations confirmed that it is acceptable and does not worsen p-beam dynamics (losses and emittances). Moreover, it is worth to mention that variation of the e-beam trajectory by additional orbit correctors (potentially, as many as 20) opens a lot possibilities to control effective integral transverse distribution p(x, y). That is especially promising for the future nonlinear compensation, but even for linear BBC it can help to adjust e-beam profile in order to shorten the pbeam tails.
Misalignment of the Electron and Antiproton Beams
Misalignment of the e-and p-beams breaks the symmetry of the beam-beam kick. The most dangerous effects are expected when the edge of electron lens overlaps with the antiproton beam. Simulations showed that misalignment of d, = 0.4 mm is acceptable for I?! = 2 mm: we observed small changes in the tails, but the luminosity, as well as pbeam lifetime, was not affected. However, for smaller ebeam radius more accurate alignment is required. In any case, the design of the TEL magnetic system includes a number of dipole correctors, so that the electron trajectory can be corrected to coincide, with the required accuracy, with the antiproton orbit in the device.
Nevertheless, the process of bringing two beams into collision can produce damage to the p-beam. We studied how the resulting distribution depends on the speed of this pro- 
Effects of the Electron Beam Noises
Random fluctuations of the electron current from turn to turn, as well as transverse motion of the electron beam, cause antiproton emittance growth. Analytical studies of the issue [6] , [7] give the emittance evolution equations. 
CONCLUSION
We performed analitical study and tracking simulations of the electron lens in Tevatron, which helped us to realize the requirements and to choose the TEL parameters. The first experimental results demonstrate the feasibility and operation of the electron lens. The first TEL has been installed in the Tevatron, commissioned and demonstrated theoretically predicted shift of betatron frequencies of high energy proton beam due to high current low energy electron beam [ 13. Tuneshifts of 980 GeV protons of about dQ=+0.007 were achieved with some 3A of the electron beam current while the proton lifetime was in the range of 10 to 24 hours. The experimental observations so far are in good agreement with analytical and simulation results (see [ 11) . In particular, strong dependence of the p lifetime on electron beam alignment is reported.
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